Introduction
Organic ionic plastic crystals (OIPCs) are unique materials that have been attracting increasing interest in recent years as their novel physical properties and potential applications are realised. The drive towards the development of high conductivity solid state electrolytes for devices such as fuel cells, batteries and solar cells is a compelling motivation for the continued study and advancement of these materials. Previously, attention in the room temperature solid electrolyte area has focused on polymer electrolytes;
1,2 unfortunately, the conductivity of these is often too low for most applications, the ion dynamics being limited by association to the backbone which is often not mobile enough to allow high conductivities. On the other hand, unlike these highly coupled systems, ceramic conductors such as lithium titanium phosphate allow fast ion transport, for example of lithium ions, while the matrix itself remains static. This allows conductivities sufficiently high for some applications (ca. 10 À3 S cm
À1
) but with the considerable disadvantage of their brittle material properties. Plastic crystals exhibit states of coupling intermediate between these extremes, with a definite three-dimensional lattice, but with translational motion of some fraction of the species possible. It is these translational motions that allow the materials to flow under stress, hence the term plastic crystal. 3 This plasticity is highly desirable in electrochemical devices as it reduces the problems of poor contact between the electrolyte and the electrodes during volume changes that can occur, while eliminating the leakage problems associated with liquid electrolytes.
Plastic crystals were described in detail by Timmermans in the 1960s. 4 This early work on a range of molecular plastic crystalline materials identified a number of features of plastic crystal behaviour, such as a low entropy of melting, DS f < 20 J K À1 mol
. Plastic crystals have long range order but short-range disorder, which typically originates from rotational motions of the molecules. The plastic phase of one of these compounds is commonly reached via one or more solidsolid phase transitions, which represent the onset of these molecular rotations (hence such phases are often also termed ''rotator phases''), as depicted in Fig. 1 . Thus, as the rotational component of the entropy of fusion is already present in the solid phases, the entropy of fusion in the transition from phase I to the melt is small (by convention, the highest temperature solid phase is denoted phase I, with subsequent lower temperature phases denoted as phase II, III, etc. There is significant interest in the use of molecular plastic crystals in applications such as lithium batteries.
6-10 The advantage of ionic plastic crystal materials over molecular plastic crystals is that they exhibit negligible vapour pressure, which is clearly desirable for electrochemical applications.
Ionic compounds such as Li 2 SO 4 and Na 3 PO 4 exhibit high temperature plastic phases, and significant ionic conductivity can be achieved at high temperatures. The use of organic ionic moieties, such as those shown in Fig. 2 , allows the formation of plastic crystal phases, and high ionic conductivity, at ambient temperature.
11
Furthermore, and particularly important from a device perspective, the addition of dopant ions such as Li + can produce increases in conductivity of up to several orders of magnitude, forming materials that are an interesting new class of fast ion conductor.
12
There are currently a number of challenges for researchers interested in organic ionic plastic crystals. Firstly, the nature of the conduction processes in the pure and doped plastic crystals is not clear. Secondly, the relationship between the chemical structure of the cations or anions and the physical properties of the resultant salt is poorly understood. Identifying the structural variations that yield the desired plasticity, over the required temperature range, in addition to the highest possible conductivity, is clearly desirable for the development of new materials, but the physico-chemical relationships are non-trivial. The synthesis and analysis of new plastic crystal materials play an important role in helping to elucidate these relationships. Finally, the development of these materials as solid state electrolytes is still in the early stages. The field of plastic crystal electrolyte materials was reviewed in some detail in 2001;
11 the present article is intended to highlight more recent progress in the area, including their use in lithium batteries.
Pure plastic crystals
It is presently very difficult to predict which cation and anion combinations will yield plastic crystalline materials and which will form salts that melt before any rotator phase is achieved. 
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of the small [C n mpyr] salts, and it is proposed that this high conductivity is due to rotation of the cation, which does not occur for the [R 4 N] salts studied.
[R 4 N] salts that are plastic and show ion conduction can be achieved when combined with anions that are smaller and more symmetrical, e.g. Cl, Br or SCN, [13] [14] [15] but these have much higher melting points. However, the link between the rotator motions of the [C n mpyr] cation and the conductivity mechanism is still not clear. It is hypothesised that ion transport results from lattice defects, and the thermodynamic cost of formation of these lattice defects is lower if there is ion rotation. However, the conductivity mechanism may change with even small changes in cation structure; the activation energies and the temperature dependence of the conductivity of the [C 1 The relationship between the ion conduction and defects in the [C 1 mpyr][TFSA] species has been studied in more detail using positron annihilation lifetime spectroscopy (PALS). 16, 17 It is believed that rotation in a plastic crystal is less hindered in the vicinity of defects, thus enhancing the rotational motion through the material. 16 The mechanical flexibility of plastic crystals may also be explained by the diffusion of vacancies and dislocations facilitating crystalline plane slip. Defects have also been suggested to be associated with ionic diffusion through the material, occurring through either vacancies or through extended defects such as dislocations or grain boundaries. PALS analysis allows the number and size of defects in a plastic crystal to be probed. Analysis of [C 1 mpyr][TFSA] shows a close correlation between the ionic conduction and the defects in the material. In the sub-ambient phase III, the vacancies measured are smaller than the ions and therefore motion of the ions is concluded to be mostly rotational. In phase II the vacancies are larger but the critical volume (the minimum volume required to accommodate the mobile ions) is bigger than one vacancy or a cation-anion divacancy and thus it is concluded that ions diffuse through extended defects such as dislocations via a pipe diffusion mechanism. This highlights the fact that it is not only the size of the vacancies in a plastic crystal that can influence the conduction mechanism but also the connectivity between the vacancies.
The crystal structures of [C 2 mpyr]-[TFSA] in both phases III and IV indicate that the packing of the ions is almost identical, 18 but in phase III all of the ions are disordered. Both the cations and anions in phase III seem to possess rotational disorder, plus the conformations of the ions also change. Interestingly, the type of disorder that is observed involves minimal additional volume, requiring only a 3% change in volume on moving from phase IV to phase III. The disorder in the TFSA anions is a C 2 4 C 2 disordering mode (rather than a mixture of C 1 and C 2 conformations as one might expect). This new mode of disorder has also been observed in other TFSA salts, 18, 19 implying that it is a common mode of disorder for solid state materials of this anion. It is an interesting observation that the volume change associated with phase transitions in different OIPCs can be markedly different; measurement of this property can provide useful information but it is seldom performed.
20,21
Tetraethylammonium dicyanamide ([Et 4 N][DCA]) has a highly conductive plastic crystal phase that spans room temperature (Fig. 3) and is therefore the kind of material that is of interest for solid state electrolyte applications. It has a DS f of 4 AE 0.5 J K À1 mol
À1
, which is one of the lowest known. The material exhibits a substantial increase in volume across the solid-solid phase transition (Fig. 3) , whereas there is only a very slight increase in volume upon melting. 20 This suggests that phase I is structurally very similar to the melt, and/or that there is an onset of ion association in the liquid 22, 23 that has a negative effect on the volume change. There is also an increase in the heat capacity of the material on moving from phase II to phase I, 20 which may be the result of the number of motional degrees of freedom available. Unlike some other OIPCs (e.g. the structurally similar [Me 4 N][DCA]) the material shows dramatic increases in the ionic conductivity with temperature, both before and after the solid-solid transition temperature, with different activation energies (Fig. 3) . This suggests that the processes responsible for the observed phase changes are also responsible for the ionic conductivity, and that not all of the degrees of translational freedom are present immediately after the solid-solid transition. This is also indicated by the 25 This material has a solid-solid phase transition at 82 C, melts at 122 C and has conductivity in phase I of around 10 À3 S cm
. There is a step in the conductivity at each of the phase transitions of one order of magnitude while the activation energy decreases by a factor of two at each transition, indicating a significant decrease in the energy barrier to mobility. The vibrational modes of the thiocyanate anion are very sensitive to its coordination environment and Raman measurements of the material confirm that the cation, and probably also the anion, are tumbling isotropically in phase I. NMR linewidth analysis can provide valuable information about the mobility of the cations and/or anions in a plastic crystal, the more mobile the species the sharper the line will be, and it is often possible to see the superimposition of broad and narrow lines in the same spectra, indicating the presence of species with two different mobilities. In addition to this, pulse field gradient NMR analysis can quantify the diffusion coefficient of mobile species in the plastic crystal.
H NMR analysis of the [C mpyr][SCN]
shows a significant decrease in the linewidths across the phase II to phase I transition, indicating a sudden onset of mobility of the cation, which is consistent with the observed step increase in the conductivity. The second moment analysis of the 1 H NMR data indicates that the cation goes from being static in phase II to full isotropic tumbling in phase I. This is an unusually large increase in rotational mobility; the iodide and TFSA 27 have also demonstrated the use of temperature-controlled scanning probe microscopy (in this case AFM) to measure the Young modulus, hardness and roughness of a range of N,N 0 -cyclised pyrazolium TFSA salts across their phase transitions. The plastic crystals showed three states-brittle, elastoplastic and viscoplastic-and the conductivity values suggest that the conduction mechanism is different in each state.
In addition to the utilisation of a wider range of analytical techniques in recent years, there have also been a number of new organic ionic plastic crystals reported.
28-34
Zhou and co-workers prepared fifty-two different salts utilising quaternary ammonium cations and a range of perfluoroalkyltrifluoroborate anions, a number of which exhibit one or more solid-solid phase transitions. C. Our group has also recently reported a number of different plastic crystalline materials utilising fluorinated anions (Fig. 4a) , illustrating the influence that the anion can have on the plasticity of the salt. 35, 36 The nonafluoro-1-butane sulfonate salts are particularly interesting materials as all six of the series are in the plastic phase I at ambient temperature, and up to at least 90 C, and they exhibit excellent electrochemical and thermal stability. 35 Finally, a new class of proton-conducting OIPC has been reported (Fig. 4b) .
32
These utilise the dihydrogenphosphate (DHP) anion, which can generate protons as a carrier and thereby obviates the need for the addition of a dopant acid that may be incompatible with the host matrix. Choline DHP is in phase II between 23 C and 119 C, and the conductivity increases from 10 À6 to 10 À3 S cm À1 in phase I. Investigations into the use of these new materials as protonconducting electrolytes in fuel cells are ongoing.
Doped plastic crystals
Interest in organic ionic plastic crystal materials stems from their use as fast ion Li + or H + conductors where these are present as low level dopants.
11 The addition of dopants can result in conductivity increases of several orders of magnitude and produce materials suitable for use in devices such as lithium batteries, as discussed later. An investigation into the effect of LiI addition to [C 1 mpyr][I] shows an almost 3 orders of magnitude increase in ionic conductivity arising from relatively mobile lithium ions and an increase in the mobility of the matrix cations.
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Although the material exhibits only limited plasticity, this is a noteworthy study as it demonstrates the first direct evidence of solid solution behaviour in the pyrrolidinium family. In previous work on different [C n mpyr][TFSA] salts there has been some debate about the solubility of the lithium salts and whether, in fact, a mixture of pure compounds had been formed. It is important to note, however, that there is a maximum solid solubility of LiI above which a second, low-conductivity phase is produced, and this is likely to be the case for other lithium-doped plastic crystal electrolyte systems. The existence of a solid solution in this system is evidenced by the fact that the phase transitions of the material are shifted to lower temperatures with doping. A change in transition temperatures has also been observed when the plastic crystal [C 2 mpyr][BF 4 ] is modified with supercritical CO 2 ;
39 such modification increases the ionic conductivity and also effects stabilisation of the most ordered phase to 
32,37
a lower temperature. In contrast, addition of a miscible polymer to the plastic crystal [C 3 mpyr][PF 6 ] significantly increases the mechanical strength of the material, and decreases the conductivity, but does not affect its phase behaviour. 21 An alternative additive for plastic crystals, and one that is receiving increasing attention, is the use of nanoparticles such as TiO 2 and SiO 2 . Studies on [C 2 mpyr][TFSA] show that addition of nanosized TiO 2 or SiO 2 increases the ionic conductivity by one or two orders of magnitude respectively. 40, 41 Both fillers show an optimum concentration of about 10 wt%. It is probable that the conductivity enhancement is associated with an increase in the number of mobile defects, as well as an increase in the plastic flow of the material (which increases the mobility in the matrix). However, it is interesting to note that while both lithium doping and addition of SiO 2 nanoparticles result in significant increases in conductivity, the use of these two additives together results in a decrease in conductivity. 42 Analysis of this system suggests two possible reasons for the unexpected drop in conductivity; either addition of the silica nanoparticles to the lithium-doped system disrupts the grain boundary regions, or the lithium and/or anion transport is decreased. Addition of a lithium-functionalised nanoparticles yields a conductivity enhancement, but not as substantial as the addition of unsubstituted nanoparticles.
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Analysis of the nanocomposites indicate that addition of the functionalised nanoparticles results in an increase in the size and number of defects in the matrix, with a concomitant increase in both the number of mobile cations and anions and their mobility through the matrix. As higher mobility resulting from an increase in defect size and number are observed, we postulate that the conductivity enhancement is due to ''straininduced defects''. However, more studies are needed to fully investigate the influence of nanoparticle fillers on OIPCs and to allow the promising properties of these nanocomposite electrolyte materials to be fully exploited.
Lithium battery applications
The non-flammability, non-volatility, plasticity and high electrochemical and thermal stability make organic ionic plastic crystals potentially ideal electrolytes for lithium batteries. Armand and co-workers studied a range of doped N,N 0 cyclised pyrazolium TFSA plastic crystal electrolytes for application in lithium based devices (Fig. 5) À2 at 50 C). 51 The reduction in cell impedance with cycling (Fig. 6a) appears to be related to a change in the plastic crystal microstructure as a result of the applied current. The behaviour also appears to be related to the formation of improved interfacial 'contact' between the solid electrolyte and the electrode, as shown in Fig. 6b .
Zhou et al. 31 have studied organic salts based on the perfluoroalkyltrifluoroborate anion, which are typically very electrochemically stable. Recently, they have reported the behaviour of the lithium-doped systems which exhibit phase I from À20 C to 95 C, conductivity from 10 À4 to 10 À3 S cm À1 and an electrochemical window of approximately 5.5 V. A 5 mol% LiCF 3 BF 3 doped electrolyte displayed efficient lithium deposition and dissolution at 25 C. These properties indicate a very promising electrolyte for application in lithium battery systems. Thus far there are no reports describing its application in cells with lithium intercalation electrodes. There are also a number of [C n mpyr][BF 4 ] salts (n ¼ 1-4) that exhibit plastic crystal phases, and an C, sufficient for use with a range of lithium intercalation electrodes. 52 Also of potential interest are the series of [C n mpyr] nonafluoro-1-butane sulfonate (NfO) salts which all exhibit multiple solid-solid transitions below the melt, 35 suggestive of the presence of plastic crystal phases. An electrochemical window approaching 6 V and a wide temperature range for phase I (e.g. [C 2 mpyr][NfO] extending from À50 C to 175 C) is reported. This is important from a device perspective, where uniform and consistent behaviour over a wide temperature range is advantageous. Other plastic crystal systems that fit within this category of lithium-compatible electrolytes are all based on variations of quaternary ammonium TFSA salts (Fig. 5 ).
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These systems uniformly exhibit wide electrochemical windows and have been shown to support lithium deposition and dissolution.
Conclusion
The field of organic ionic plastic crystals is in its infancy in terms of our understanding and in the full realisation of the potential of these materials as solid state electrolytes. The range of techniques applicable to the study of these unique materials is growing, with the application of PALS, X-ray crystallography, Raman spectroscopy, solid state NMR, etc. all providing valuable information about the conduction mechanisms and physical changes occurring. The development of new organic ionic plastic crystals is also paramount in enhancing our understanding of these materials and taking us closer to being able to design physical properties. The use of additives in organic ionic plastic crystals is clearly important in the development of these materials as solid state electrolytes, and there have been some interesting developments in this area in recent years. Indeed, the use of doped OIPC materials in lithium ion batteries is starting to show real promise, which suggests that the wider use of organic ionic plastic crystals as electrolytes in a range of electrochemical devices could soon be a reality.
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